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Available online 18 June 2014Powdery mildew caused by Blumeria graminis f. sp. tritici is one of the major wheat diseases
worldwide. The Chinese wheat landrace Pingyuan 50 has shown adult-plant resistance (APR)
to powderymildew in the field for over 60 years. To dissect the genetic basis of APR to powdery
mildew in this cultivar, a mapping population of 137 double haploid (DH) lines derived from
Pingyuan 50/Mingxian 169 was evaluated in replicated field trials for two years in Beijing
(2009–2010 and 2010–2011) and one year inAnyang (2009–2010). A total of 540 polymorphic SSR
markers were genotyped on the entire population for construction of a linkage map and QTL
analysis. Three QTL were mapped on chromosomes 2BS (QPm.caas-2BS.2), 3BS (QPm.caas-3BS),
and 5AL (QPm.caas-5AL) with the resistance alleles contributed by Pingyuan50 explaining 5.3%,
10.2%, and 9.1% of the phenotypic variances, respectively, and one QTL on chromosome 3BL
(QPm.caas-3BL) derived from Mingxian 169 accounting for 18.1% of the phenotypic variance.
QPm.caas-3BS, QPm.caas-3BL, and QPm.caas-5AL appear to be new powdery mildew APR loci.
QPm.caas-2BS.2 and QPm.caas-5AL are possibly pleiotropic or closely linked resistance loci to
stripe rust resistance QTL. Pingyuan 50 could be a potential genetic resource to facilitate
breeding for improved APR to both powdery mildew and stripe rust.
© 2014 Crop Science Society of China and Institute of Crop Science, CAAS. Production and
hosting by Elsevier B.V. All rights reserved.Keywords:
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309T H E C R O P J O U R N A L 2 ( 2 0 1 4 ) 3 0 8 – 3 1 41. IntroductionPowdery mildew, caused by Blumeria graminis f. sp. tritici (Bgt),
is an important disease of wheat worldwide [1], causing
significant reductions in both grain quality and yield in
susceptible wheat cultivars [2,3], and leading to substantial
economic losses in wheat production annually on a global
scale [4]. The use of powdery mildew resistance genes in elite
cultivars is the most cost-effective and sustainable strategy
to control this disease [5].
Over the last three decades, most disease resistance studies
have focused onmajor genes,which are knownasqualitative or
race specific resistance genes. These genes are simply inherited
and easy to manipulate in breeding programs, as they express
complete resistance and are usually associated with hypersen-
sitive responses that limit pathogen growth [6]. Race specific
resistance is often transient due to the occurrence of new
pathogen races arising frommutation or increased frequencies
of previously rare variants [7,8]. More than 70 powdery mildew
resistance genes have been cataloged in wheat [9]. Most named
powdery mildew resistance genes are currently ineffective in
China.
One of the principal challenges in wheat breeding is to
develop cultivars with durable disease resistance. Adult-plant
resistance (APR) often appears to offer race non-specific and
therefore durable resistance based on the additive effects of
several genes that delay infection, and reduce growth and
reproduction of the pathogen at the adult-plant stage [1]. This
type of resistance however may not be adequate under all
growth conditions, but their additive nature offers opportunities
to increase resistance levels to almost immunity [10]. Molecular
markers made it easier to locate APR genes on chromosomes,
and to estimate the additive effect of each gene [11]. So far, more
than 100 quantitative trait loci (QTL) for powdery mildew
resistance have been identified and mapped on almost all
wheat chromosomes in a range of different genetic backgrounds
(Z.F. Li, pers. comm.), including the Swisswinter wheat cv. Forno
[12], French winter wheat lines RE714, Festin, Courtot, and
RE9001 [13–16], North American winter wheats Massey and
USG3209 [10,17], Japanese wheat cultivar Fukuho-komugi [18],
Israeli wheat cultivar Oligoculm [18], CIMMYTwheat lines Opata
85, W7984, and Saar [19,20], Australian wheat cultivar Avocet
[20], and Chinese wheat cultivars Bainong 64 [21] and Lumai 21
[11]. Unfortunately, only a few of these genotypes have good
adaptability and associated agronomic traits in Chinese envi-
ronments [22]. Wheat landraces are valuable genetic resources;
they sometimes carry multiple genes for resistance to several
diseases and are more adaptable to local environments [5]. It is,
therefore, important to explore APR to powderymildew inwheat
landraces. Moreover, closely linked molecular markers to the
resistance genes would play an important role in incorporation
of APR genes in wheat breeding programs.
The Chinese wheat landrace Pingyuan 50 was a leading
cultivar in the Yellow and Huai Valley Autumn-sown Wheat
Zone of China in the 1950s, and has shownAPR to stripe rust and
powdery mildew in the field for over 60 years. Previously, we
mapped QTL for APR to stripe rust in Pingyuan 50 [22]. The main
objectives of the present study were to locate powdery mildew
resistance QTL in Pingyan 50 and to determinewhether there arepleiotropic or closely linked APR loci involved in stripe rust
response.2. Materials and methods
2.1. Plant materials
Adoubled haploid (DH) population of 137 lines fromPingyuan 50/
Mingxian 169 was used for QTL analysis. Pingyuan 50 showed
APR to powdery mildew in field trials. Mingxian 169, a landrace
from Shanxi province, is highly susceptible to all races of Puccinia
striiformis f. sp. tritici at the seedling stage [22], whereas it is
moderately resistant at the adult plant stage. Both parents were
susceptible to Bgt isolate E20 at the seedling stage. Jingshuang 16
was highly susceptible to powdery mildew, and used as a
susceptible check in all tests.
2.2. Evaluation of powdery mildew response
The DH population was evaluated for powdery mildew response
over the 2009–2010 and 2010–2011 wheat seasons at two
locations, viz. the CAAS Experimental Station, Beijing, and CAAS
Cotton Research Institute, Anyang, Henan province (herein
referred to as Beijing 2010, Beijing 2011, and Anyang 2010). Hill
plots (50 seeds/hill) were used and genotypes were sown in
randomized complete blocks with three replicates. The highly
susceptible cv. Jingshuang 16was planted in every tenth row as a
check and around the experimental block as an inoculum
spreader. In Beijing, inoculation with Bgt isolate E20 was
performed before stem elongation. Disease severities were
assessed as percentage cover on penultimate leaves at five and
sixweeks after inoculation [23] when disease levels reached their
maxima around May 20. In Anyang under natural infection,
powdery mildew severities were recorded once, when cv.
Jingshuang 16 expressed a maximum severity during the third
week of May. Attempts to obtain a further site year of data in
Anyang in 2011wereabandoneddue todry conditions and lackof
disease development.
2.3. Statistical analysis
The frequency distribution of powdery mildew responses and
correlation coefficients (r) based on maximum disease severities
(MDS) in different environments were calculated in Microsoft
Excel 2007. The area under the disease progress curve (AUDPC)
was calculated according to Bjarko and Line [24]. Analysis of
variance (ANOVA) was performed using the PROC GLM in the
statistical analysis system (SAS Institute 1997). ANOVA informa-
tion was then used to calculate broad-sense heritability (h2) as:
h2 = σg2 / (σg2 + σge2 / e + σε2 / re), where σg2, σge2, and σε2 are
estimates of genotypic, genotype × environment interaction
and error variances, respectively, and e and r are the numbers of
environments and replicates per environment, respectively.
2.4. SSR analysis
A total of 1528pairs of simple sequence repeat (SSR) primers from
published sources including the WMC [25], BARC [26], GWM [27],
CFA [28], and CFD [29] series (http://wheat.pw.usda.gov/) were
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was conducted, using equal amounts of ten resistant and
ten susceptible lines based on MDS. Amplification of DNA,
electrophoresis of PCR products on polyacrylamide gels and gel
staining procedures were performed as described by Bryan
et al. [31] and Bassam et al. [32]. Five hundred and forty
polymorphic SSR markers were used to genotype the entire
population for linkage map construction and QTL analysis.
2.5. Map construction and QTL detection
Genetic linkage groupswere constructedwith the softwareMap
Manager QTXb20 [33], and map distances between markers
were estimated by the Kosambi mapping function [34]. Linkage
groups were assigned to each chromosome according to pub-
lishedwheat consensusmaps [35]. QTL analysis was performed
with QTL Cartographer 2.5 software by composite interval
mapping [36]. A logarithm of odds (LOD) was calculated from
2000 permutations for each trait to declare significance of QTL
at P = 0.01. Estimates of phenotypic variance (R2) explained by
individual QTL and additive effects at LOD peaks were obtainedFig. 1 – Frequency distribution of powdery mildew maximum di
curve (AUDPC) values in the DH lines derived from Pingyuan 50/M
environments, and AUDPC in Beijing for more than 2 years. Mea
indicated by arrows.by QTL Cartographer 2.5. Two QTL on the same chromosome in
different environments, having curve peakswithin a distance of
20 cM, were considered as a single QTL, and different QTLwhen
distances exceeded 20 cM.3. Results
3.1. Phenotypic analysis
The MDS of the susceptible check Jingshuang 16 ranged from
80% to 100%, 60% to 90%, and 90% to 100%, whereas Pingyuan
50 and Mingxian 169 were 8.5% and 7.1%, 7.7% and 6.0%, and
12.3 and 14.5% in Anyang 2010, Beijing 2010, and Beijing 2011,
respectively. Both parents showed mean MDS of less than
10% across the three environments. Frequency distributions
of MDS and AUDPC for DH lines showed continuous variation
in all environments with clear transgressive segregation,
indicating quantitative resistance to powdery mildew (Fig. 1).
In addition, the MDS scores were significantly correlated
across three environments (r = 0.63 to 0.85). Analyses ofsease severities (MDS) and area under the disease progress
ingxian 169. Results include average, meanMDS across three
n values for parents, Pingyuan 50 and Mingxian 169, are
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among the DH lines (Table 1). The broad-sense heritabilities
of MDS and AUDPC were 0.80 and 0.62, respectively, across
the three environments.
3.2. QTL analysis
Based on MDS, three QTL from Pingyuan 50 on chromosomes
2BS, 3BS, and 5AL, and one from Mingxian 169 on chromo-
some 3BL, respectively, were detected across environments
(Table 2 and Fig. 2). They were designated QPm.caas-2BS.2,
QPm.caas-3BS, QPm.caas-3BL, and QPm.caas-5AL, respectively.
The QTL on chromosome 2BS, detected in Beijing 2010,
Beijing 2011, and the averaged MDS across all three environ-
ments, was located in the marker interval Xbarc13–Xgwm374
and explained 4.0–9.1% of the phenotypic variance across
environments (Table 2).
QPm.caas-3BS was mapped on chromosome 3BS, flanked by
SSR markers Xwmc366 and Xgwm77, and accounted for 9.1% of
the phenotypic variance with an additive effect of −2.17. The
third QTL, QPm.caas-3BL, was close to the centromere on
chromosome 3BL linked to markers Xwmc527 and Xwmc418
with a LOD value of 4.4. This QTL identified only in Anyang 2010
explained 18.1% of the phenotypic variation with an additive
effect of 2.83.
QPm.caas-5AL in marker interval Xwmc410–Xbarc261 on
chromosome 5AL explained 10.2% of the phenotypic variance
with an additive effect −1.04. The total phenotypic variance
explained by the detected QTL for MDS ranged from 9.3 to
27.2% in single environments and was 17.7% for the mean
across environments. Pingyuan 50 carries three QTL, where as
Mingxian 169 carries one (QPm.caas-3BL).4. Discussion
In the present study, the QTL on chromosome 2BS detected in
different environmentswaswithin a genetic distance of less than
20 cM.We therefore considered them as a single QTL designated
QPm.caas-2BS.2. Previously, a QTL was mapped on chromosome
2BS in the Italian wheat cultivar Strampelli [37] and located
around SSR marker Xwmc25, which is about 32 cM from
QPm.caas-2BS.2basedonawheat consensusmap [35]. In addition,Table 1 – Analysis of variance of maximumdisease severity (MD
progress curve (AUDPC) values for powdery mildew responses
50/Mingxian 169 cross.
Parameter Source of variation df
MDS Replicates 2
Environments 2
Lines 136
Lines × environments 270
Error 776
AUDPC Replicates 2
Environments 1
Lines 136
Lines × environments 136
Error 545
⁎ Significant at P < 0.0001.previously mapped QTL QPm.crag-2BS [14] and QPm.caas-2BS [11],
detected in Festin and Lumai 21, respectively, were located about
12 cM distal and proximal to QPm.caas-2BS.2 [35], which were
assumed to be different based on their origins. Large-effect
powdery mildew resistance genes Pm26 and Pm42, derived from
wild emmer (Triticum turgidum var. dicoccoides), were also mapped
in the same vicinity of less than 20 cM from QPm.caas-2BS.2
[38,39]. Stripe rust resistanceQTLQYr.caas-2BSwasmapped in the
same region as QPm.caas-2BS.2 in this population [22]. QTL for
stripe rust resistance were also identified at the same position in
cv. Louise, Luke and Kariega [40–42]. This region of chromosome
2BS has a pleiotropic effect on both powdery mildew and stripe
rust responses and therefore could be useful in breeding for
resistance to both diseases by marker assisted selection.
QPm.caas-3BS, identified in marker interval Xwmc366–
Xgwm77 on chromosome 3BS and contributed by Pingyuan 50,
explained 9.1% of the phenotypic variation. Chen et al. [43]
reported a QTL linked with Xwms533 on the short arm of
chromosome 3B in Line 2174 with a genetic distance of about
56 cM from QPm.caas-3BS [35]. Donini et al. [44] mapped Pm13,
derived from Ae. longissimum, to a similar region on 3BS using
RFLP markers. QPm.caas-3BS, however, seems to be a new QTL
for powderymildew resistance based on chromosomal location
and origin.
QPm.caas-3BL was mapped to the centromeric region of
chromosome 3BL between SSR markers Xwmc527 and
Xwmc418, explaining 18.1% of the phenotypic variance. It
was contributed by Mingxian 169. Race specific resistance
gene Pm41 in wild emmer was mapped to chromosome 3BL,
but at a genetic distance of about 34 cM from QPm.caas-3BL
[45]. Although the genetic distance between QPm.caas-3BS and
QPm.caas-3BL is less than 10 cM [35], we considered them as
two QTL due to their locations on different chromosome 3B
arms. No other QTL for powdery mildew resistance have been
reported on chromosome 3BL.
QPm.caas-5AL in marker interval Xwmc410–Xbarc261 ex-
plained 10.2% of the phenotypic variance. Sources of previ-
ously mapped QTL in this chromosome include Folke [1], Saar
[20], Triticum militinae [46], and Forno [12] with genetic
distances of 80, 80, 77, and 68 cM, respectively, from
QPm.caas-5AL based on the wheat consensus map [35]. This
appears to be a new locus for powdery mildew APR. In
addition, the QTL QYr.caas-5AL [22] was mapped in the sameS) values for penultimate leaves and area under the disease
on doubled haploid (DH) lines from the Pingyuan
Sum of squares Mean square F-value
4331.95 2165.97 28.32 ⁎
37,042.52 18,521.26 242.17 ⁎
48,714.61 358.19 4.68 ⁎
18,749.15 69.44 0.91
59,349.21 76.48
18,917.95 9458.97 10.33 ⁎
581,299.41 581,299.41 634.96 ⁎
653,914.62 4808.19 5.25 ⁎
245,811.08 1807.43 1.97 ⁎
498,938.04 915.48
Table 2 – Quantitative trait loci (QTL) detected for APR to powdery mildew in the DH population derived from the Pingyuan
50/Mingxian 169 cross.
Environment QTLa Interval LODb AEc R2 (%) d Total R2 (%)
Anyang 2010 QPm.caas-3BS Xwmc366–Xgwm77 3.2 −2.17 9.1 27.2
QPm.caas-3BL Xwmc527–Xwmc418 4.4 2.83 18.1
Beijing 2010 QQPm.caas-5AL Xwmc410–Xbarc261 2.5 −1.04 10.2 16.7
QPm.caas-2BS Xwmc272–Xgwm374 2.0 −0.82 6.5
Beijing 2011 QPm.caas-2BS.2 Xbarc55–Xwmc272 1.7 −2.64 5.3 9.3
QPm.caas-2BS Xbarc13–Xbarc55 1.3 −2.24 4.0
Averaged MDS QPm.caas-2BS.2 Xbarc55–Xwmc272 2.4 −1.57 8.6 17.7
QPm.caas-2BS Xbarc13–Xbarc55 3.0 −1.64 9.1
a QTL that extended across single one-log support confidence intervals were assigned the same symbol.
b Logarithm of odd (LOD) score.
c Additive effects.
d R2, the proportion of phenotypic variance explained by the QTL.
Fig. 2 – Logarithm of odd (LOD) contours identified by composite interval mapping of powdery mildew APR QTL on
chromosomes 2BS, 3B and 5AL in the Pingyuan 50/Mingxian 169 DH population. A2010: maximum disease severities (MDS),
Anyang 2010; B2010 and B2011, maximum disease severities, Beijing 2010 and 2011, respectively; average: mean MDS across
three environments; AUDPC: averaged area under the disease progress curve in Beijing for more than two years. The LOD
threshold for significance is 2.0.
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the possibility of a pleiotropic APR locus conferring resistance to
both powdery mildew and stripe rust. Yr48, for partial resis-
tance to stripe rust was mapped to the same position [47]. This
locus needs further investigation to determine whether it
confers pleiotropic powderymildew and stripe rust resistances.
Pingyuan 50 is considered a valuable source of APR to both
stripe rust and powdery mildew in local wheat breeding
programs, and three QTL for APR to stripe rust were mapped
in Pingyuan 50 [20]. In the present study, four QTL for APR to
powdery mildew were mapped in the same population, and
three of them were in Pingyuan 50. Although these QTL were
not detected across all environments, QPm.caas-2BS.2 and
QPm.caas-5AL were mapped to the same chromosome regions
as QYr.caas-2BS and QYr.caas-5AL, respectively, for APR to stripe
rust, indicating possible pleiotropic genes for APR to both
powdery mildew and stripe rust in Pingyuan 50. Gene
pyramiding is a useful approach to enhance disease resistance
and a number of genes can be accumulated in a single line. We
have pyramided QTL for powdery mildew resistance derived
from Bainong 64 and Lumai 21 through marker assisted
selection [48]. The QTL detected in Pingyuan 50, particularly
QPm.caas-2BS.2 and QPm.caas-5AL in combination with three
previously identified QTL, including Pm38 from cv. Strampelli
and Libellula, should be useful in developing cultivars with
potentially durable resistance to both powdery mildew and
stripe rust.Acknowledgments
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